Gene expression is controlled by interactions between activators and coactivators. These interactions in turn are regulated by signaling pathways and by chromatin remodeling events. Recent studies indicate that the final arbiter of gene regulation is a coactivator scaffold at the promoter. The conventional view in the gene expression field is that eukaryotic activators stimulate transcription in two global steps: first, by recruiting multisubunit chromatin remodeling enzymes, which provide an accessible promoter environment ( Figure 1) ; and second, by recruiting components of the RNA polymerase II machinery called coactivators. The coactivators then nucleate transcription complex assembly by recruiting, in turn, the general transcription factors (GTFs) and polymerase II, which carry out the catalytic process of transcriptional initiation. It was earlier hypothesised that assembly of the transcription complex proceeds in a defined order. Chromatin modifications and their consequences vary on different genes, however, and recent studies [1] [2] [3] [4] indicate that the precise order in which the polymerase II machinery binds a promoter in vivo is influenced by chromatin remodeling. So what factors ultimately dictate transcriptional output on a gene? Hahn and colleagues [5] have recently shown that a key determinant is the presence at the promoter of a nucleating core of coactivators. We shall discuss how that core assembles and the implications for gene regulation.
Hahn and colleagues [5] defined the core by analyzing the composition of the yeast transcription reinitiation complex. Within this complex are an activator and several components of the polymerase II general machinery, including functionally equivalent amounts of two major coactivator complexes and lesser amounts of two additional general transcription factors (Figure 1 ). The coactivator complexes, TFIID and the mediator, are multi-subunit assemblies shown genetically and biochemically to be essential for gene activation. We argue that the coactivator 'scaffold' forms the core of the transcription complex, and constitutes a structural and energetic framework through which diverse modes of regulation can be rationalized. Although the precise order in which the mediator and TFIID assemble at the promoter is context dependent and influenced by remodeling, the coactivator scaffold provides a unifying theme for how activators ultimately transmit signals to the RNA polymerase II machinery.
Previous biochemical studies from various groups have suggested that the order of TFIID and mediator recruitment can vary. Hahn and colleagues [6] for example employed an in vitro immobilized template assay in yeast extracts to dissect gene activation into biochemically distinct steps that occur subsequent to activator binding. The first step involves recruitment of TFIID and TFIIA to the TATA box, a result observed previously in mammalian systems with purified TFIID [7] [8] [9] . The second step involves recruitment of the mediator and additional polymerase II accessory factors. The mediator is not required for TFIID binding, as TFIID is still recruited by an activator from extracts prepared from a yeast strain bearing a mutation in the critical mediator subunit SRB4. Studies such as this led to the conventional view that binding of TFIID must precede that of the mediator. The mediator can bind activators in the absence of TFIID in both yeast and mammalian in vitro systems (for example, see [10, 11] ), however, hinting that complex assembly might have different paths in a cell.
This view might not appear surprising in the context of older studies. Chimeric proteins bearing a transcriptionally inert DNA-binding domain, such as that of the bacterial repressor LexA, fused to various subunits of the general machinery -TBP, the TAFs and the GTFs (see Figure 1 for definitions) -were found to bypass the requirement for activators in vivo [12] . The original interpretation of these data was that the direct recruitment of any component to a promoter brought the others with it because the general machinery exists in the form of a holoenzyme. But an equally compelling view has now emerged: once one component of the machinery is brought into close proximity to the promoter, the remaining factors can assemble cooperatively around it to form a transcription complex. To take an example, a fusion of LexA to SRB4 would ultimately lead to TFIID recruitment because of the cooperative network of coactivator-GTF interactions.
One prediction from this model, albeit an indirect one, is that the role of coactivators in vivo is to help recruit the general factors whose recruitment is then proportional to transcriptional output. To date, chromatin immunoprecipitation analysis of the TBP subunit of TFIID has been the simplest to gauge. And, indeed, the Green and Struhl groups [13, 14] demonstrated that the amount of TBP, and hence TFIID, recruited in vivo in yeast correlates nicely with transcriptional output. Yet, as in the in vitro experiments, the order in which the key factors become tethered to the DNA may vary.
This was ascertained by genetically inactivating key components and assaying recruitment of the other components in the absence of transcription. TAFs are acknowledged to be proteins that act as coactivators but also recognize sequences proximal to the TATA box. On TAF-independent promoters, temperature-sensitive mutant forms of SRB4, polymerase II and TFIIB did not support robust TBP recruitment, suggesting that activator interactions with other coactivators might be necessary to drive TBP onto such promoters. On TAF-dependent promoters, however, the Srb4 and TFIIB mutants did permit TFIID recruitment by activators [15] . This result is analogous to the findings of Hahn and colleagues' in vitro study [6] , and suggests that interactions between activators, TAFs and promoter DNA provide the missing binding energy. One interpretation of these data is that recruitment of one coactivator complex facilitates binding of the other, directly or indirectly; the genetic results indicate that both are required for efficient recruitment of the catalytic polymerase II machinery (see below).
The recent biochemical work of Hahn and colleagues [5] begins to clarify this issue. This study argues for the existence of a coactivator scaffold, which bears most of the important information required for reinitiation, an event that probably drives most of the transcription of a gene. The authors demonstrate that, after activator-driven 
Chromatin remodelling IIA transcription initiation on immobilized templates, a subset of factors remains bound at the promoter. This subset contains activator, mediator subunits and TFIID, as well as lesser amounts of TFIIH and TFIIE. Yeast extracts bearing mutations in scaffold components do not support initiation. Conversely, when these same extracts are added to a pre-formed scaffold, reinitiation can occur.
The rates of reinitiation were found to be proportional to the stability of the scaffold (as defined by the amount of factors bound). Because both the in vivo and in vitro studies suggest that the amount of factors bound -TFIID for example -dictates transcription levels, one arrives at the conclusion that the scaffold regulates transcriptional levels. The scaffold forms through the initial, but critical, step of recruitment by activators. As will be detailed below, however, the manner in which the scaffold assembles may be subject to diverse regulation, by chromatin remodeling events and by signal transduction systems.
A recent series of chromatin immunoprecipitation studies in yeast and human cells has revealed a tightly controlled, temporal sequence to the action of chromatin-modifying acetylases and ATPases [1, 2, 4] . It is plausible that these events influence the order of assembly of the RNA polymerase II general factors into a transcription complex. On the interferon β promoter, for example, binding of polymerase II occurs first and coincides with the recruitment of an acetylase, p300 [1] . Binding of TFIID occurs late and corrrelates with recruitment of other remodeling enzymes. Note, however, that while chromatin remodeling is a necessary and highly ordered step on the interferon β enhancer in vivo [1] , the synergistic and combinatorial patterns of induced transcription can be accurately recapitulated in vitro on naked DNA templates [16] . On this promoter in vitro, TFIID apparently precedes polymerase II. This result suggests that, regardless of the order of assembly dictated by remodeling, the final complex of polymerase II and general factors controls transcriptional output, in concordance with the results of Hahn and colleagues [5] .
In another interesting example -the promoter of the HO gene, which encodes the endonuclease that inititates MAT gene switching in budding yeast -the binding of the mediator occurs after a series of remodeling events that bring a key activator to the promoter [2, 17] . An important revelation from this work is that the recruitment of general factors and polymerase II is a separable event under the control of the cell-cycle regulatory machine, and occurs after mediator binding [17] . A recent study by Brown and colleagues [3] with estrogen receptor in human cells also suggests that mediator binding temporally precedes polymerase II binding. Unfortunately, the interferon β study did not measure mediator recruitment directly, and the HO and estrogen receptor studies did not look at TFIID.
The existence of a coactivator scaffold provides insight into how these complex, eukaryotic regulatory mechanisms all ultimately provide the same basic instructions to the catalytic machinery. Although the precise subunit composition of the core may vary from promoter to promoter, it apparently contains subunits essential for all genes: TBP (perhaps also TAF II 17) in the case of TFIID, and SRB4 in the case of the mediator. Genetic studies and whole-genome expression analyses in yeast have both demonstrated that inactivation of individual TAFs or mediator subunits selectively affects the expression of subsets of genes, whereas deletion of a key component of either complex has a global effect [18, 19] . These studies begin to put in perspective biological studies implicating different coactivators in regulation of higher organisms.
In vivo studies over the last two years, in flies and mammals, have established importance of TAFs as transcriptional coactivators [20] . Unlike the TAFs, many fly and human mediator subunits do not have yeast homologues [11] , suggesting that they evolved to accommodate the more sophisticated signaling and developmental requirements of multicellular organisms. Recent studies highlight the complicated, yet specific, developmental roles for individual mediator subunits. For example, the mediator subunit SUR2 has a defined, downstream role in MAP kinase signaling during vulval development in worms [21] . TRAP230, while not required for cell viability, is essential for certain cell-fate decisions in the nematode Caenorhabditis elegans [22] . TRAP220 has specific roles in steroid signaling and other pathways in mammals [23] . Drosophila TRAP230 and TRAP240 are required for photoreceptor differentiation [24] , and dTRAP240 mutations can also result in wing and leg defects [25] . These findings indicate that individual subunits of the mediator coactivator complex, like TAFs, behave as downstream integrators of regulatory information in biological systems.
As the components of the coactivator scaffold, and their plethora of interactions, nucleate efficient recruitment of catalytic transcription factors, including polymerase II, it is interesting to speculate what contributes to its assembly and energetic stability. There is a network of stabilizing forces within this coactivator complex, from DNA-activator and DNA-TBP interactions to activator-mediator, activator-TFIID and, theoretically, TFIID-mediator interactions ( Figure 1 ). One can envision that these interactions can be fine-tuned to provide a mechanism for gene-specific regulatory control. Compensatory and cooperative relationships between the coactivator components of the scaffold would also directly influence the rate of transcription by providing additional energetic stability that magnifies and is superimposed upon the effect of activators.
